Abstract: This paper presents a novel method to characterize stress in microsystem packaging. A circular p-type piezoresistor is implemented on a (001) silicon chip. We use the circular stress sensor to determine the packaging induced stress in a polystyrene tube filled with epoxy. The epoxy curing process is monitored by stress measurements. From the stress measurements we conclude that the epoxy cures in 8 hours at room temperature. We find the difference in in-plane normal stresses to be σ xx -σ yy =6.7 MPa and (σ xx +σ yy -0.4σ zz )=232 MPa.
INTRODUCTION
Packaging and protection of a MEMS device is the last step before commercialization. It is a difficult task to protect the device and not affect the performance of the device at the same time since the electrical performance can be highly influenced by packaging induced stress. This induced stress can be measured by a dedicated stress sensor. In ref. [1] a CMOS integrated stress sensor for packaged integrated circuit dies is presented, and ref. [2] shows a van der Pauw structure used for stress sensing.
In this paper we present a method to determine stress in microsystem packaging. We measure the stress distribution in an epoxy package while the epoxy is curing. The packaging concept is otherwise used to protect chip and electronics in a multisensor system developed for fisheries research [3] . This method makes complex stress analysis possible in microscale packaging.
We have designed a (001) p-type circular piezoresistor to determine the stress distribution in the package. The design is inspired by the work of Bartholomeyczik [4] and Steiner [5] . The device is shown in Figure 1 .
THEORY
The chip consists of one circular piezoresistor. A conceptual drawing of the device is shown in Figure 2 . We direct the current, I(φ), at an angle φ with respect to the [110] crystal direction by using four outer contacts placed near the resistor perimeter. Thus, in the centre of the circular piezoresistor we spin the current 360 o . The inner contacts are placed in a radius of 100 µm with respect to the centre of the circular piezoresistor. The radius of the resistor is 1700 µm, thus we assume a uniform current distribution in the region of the inner contacts.
The potential drop, V i =V ia -V ib , is measured across the inner contacts where i=1,2,3,4. Thus, for each current direction four potential drops are measured. To a first order approximation the relative change, ∆V i /V i,0 , is equal to a linear combination of the directional stress components. Defining two fictive voltage drops, V p and V t in Figure 2 , as linear combinations of the four potential drops we obtain a condensed linear system where the number of current directions determines the number of equations. The fictive voltage drops are defined as .
( 1) In terms of the piezocoefficients and stress components we find ,
,
where 
EXPERIMENTAL
The fabrication of the stress sensor chip is performed by conventional silicon microtechnology fabrication. The doping concentration of the piezoresistor layer is approximately N A =10 18 cm -3 . The electrical measurements are performed with four point measurements. This is illustrated in Figure 3 . The current is spun in angular steps of 5 . Thus we obtain 72 measurements of each of the four voltage drops, V i .
The sensors are calibrated in a state-of-the-art four point bending fixture prior to packaging. This calibration step is included in order to determine the piezocoefficients of the sensor. The four point bending bridge applies a uniaxial and uniform stress to the centre region of the chip where the circular piezoresistor is located. With this prior calibration step we are able to extract the piezocoefficients (π 11 +π 12 ) and π 44 . The four point bending fixture is illustrated in Figure 4 .
Next, the chip is placed in a polystyrene tube which is subsequently filled with EpoTek 302-3M two-component epoxy. Figure 5 is a photograph of the packaged chip after curing. We perform the same electrical measurements on the chip while the epoxy is curing as performed in the four point bending fixture. The epoxy is cured at room temperature. Figure 6 shows the voltage change of the four measured potential drops ∆V i =V i -V i,0 as a function of current direction, φ after the epoxy has cured. This figure also includes measurements during calibration where a uniform and uniaxial stress is applied. A linear combination of these four potential drops give us ∆V p /V p,0 and ∆V t /V p,0 as defined in Eqs. (2)~(3).
RESULTS
During the curing of the epoxy we perform measurements on the stress sensor. Figure 7 shows the change in potential drop ∆V 3 /V 3,0 when the current density vector is directed an angle of 90 with respect to the [110] direction. The equation for ∆V 3 /V 3,0 for this particular angle is .
The change in voltage is caused by a change in stress in the chip. This stress is a result of the contraction of epoxy during the curing process. From the calculated fictive voltage drops we are able to find the stress distribution in the package. Figure 8 shows a measurement of the fictive voltage drop ∆V p /V p,0 both when a unaxial stress is applied to the device and when the device is in the package. Previous stress measurements in epoxy packaging [7] have shown a very low σ xy value. Thus we assume this value to be equal to zero. From the slope and offset of the linear fit in Figure 8 we find the stress distribution in the package to be (σ xx -σ yy )=6.7 MPa, and (σ xx +σ yy -0.4σ zz )=232 MPa. The value for (σ xx -σ yy ) can also be found by using the extracted values of ∆V t /V p,0 .
For all equations σ zz is coupled to π 12 . In p-type silicon this piezocoefficient is very small compared to the π 44 coefficient [6] resulting in a large uncertainty on the estimated σ zz value. This problem can be eliminated by using a n-type piezoresistor, where the magnitudes of the piezocofficients are more comparable. n-type piezoresistors are currently being developed expecting realtime 3D stress determination of the epoxy curing process with a minimum uncertainty. Additionally, in n-type piezoresistors the σ zz pre-
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(4).
factor is a=2π 12 /(π 11 +π 12 )≈-2 and thus we are able to extract σ zz -σ yy and equivalently σ zz -σ xx with the use of a n-type piezoresistor.
CONCLUSION
In this paper we determine the stress distribution during an epoxy packaging curing process, adding a new dimension to characterization of microsystem packaging. We expect that this method can be used in a wide range of packaging induced stress measurement applications. We can determine curing time with an uncalibrated sensor and using a calibrated sensor we can extract the stress distribution. For the presented packaging concept using an Epotek 302-3M epoxy we find the stress in the package to be (σ xx -σ yy )=6.7 MPa, and (σ xx +σ yy -0.4σ zz )=232 MPa and a curing time of 8 hours.
Using n-type piezoresistors will lower the uncertainty of the extracted stress values and enable an extraction of σ zz -σ xx and σ zz -σ yy .
